Structured RNA molecules play essential roles in a variety of cellular processes; however, crystallographic studies of such RNA molecules present a large number of challenges. One notable complication arises from the low resolutions typical of RNA crystallography, which results in electron density maps that are imprecise and difficult to interpret. This problem is exacerbated by the lack of computational tools for RNA modeling, as many of the techniques commonly used in protein crystallography have no equivalents for RNA structure. This leads to difficulty and errors in the model building process, particularly in modeling of the RNA backbone, which is highly error prone due to the large number of variable torsion angles per nucleotide. To address this, we have developed a method for accurately building the RNA backbone into maps of intermediate or low resolution. This method is semiautomated, as it requires a crystallographer to first locate phosphates and bases in the electron density map. After this initial trace of the molecule, however, an accurate backbone structure can be built without further user intervention. To accomplish this, backbone conformers are first predicted using RNA pseudotorsions and the base-phosphate perpendicular distance. Detailed backbone coordinates are then calculated to conform both to the predicted conformer and to the previously located phosphates and bases. This technique is shown to produce accurate backbone structure even when starting from imprecise phosphate and base coordinates. A program implementing this methodology is currently available, and a plugin for the Coot model building program is under development.
backbone conformers | pseudotorsions | reduced representation | RNA conformation | RNA structure I n recent years, RNA crystal structures have contributed greatly to the understanding of numerous cellular processes (1) (2) (3) (4) (5) ; however, structural studies of RNA are frequently hampered by the difficulties posed by RNA crystallography. One notable complication arises from the fact that RNA crystals typically diffract to lower resolutions than do protein crystals (Fig. 1A) . At the 2.5-3.5-Å resolutions that are common in RNA, bases and phosphates can be accurately located due to the large size and rigidity of the bases and the high electron density of the phosphates. At these same resolutions, however, the density for the remainder of the RNA backbone is normally unclear and imprecise and, as a result, the detailed backbone structure is prone to errors (6) . However, the molecular details of the backbone are critical for a full understanding of RNA function, because the precise positioning of backbone atoms is integral to both chemical catalysis and molecular recognition (7) (8) (9) . Additionally, although there exist many tools to aid crystallographers in the building process for protein structures (10) (11) (12) (13) , tools for RNA structural analysis are only beginning to emerge (10, (14) (15) (16) (17) , and there are currently no tools or methodologies for accurately building RNA backbone structure.
To address this issue, we have developed a method that allows for building of the RNA backbone with greatly increased speed and accuracy (Fig. 2B) . This method requires a crystallographer to locate only the phosphates and bases in an electron density map. Using this information, a detailed backbone structure can be automatically and accurately predicted and constructed. To accomplish this, the methodology incorporates two distinct approaches for analyzing the RNA backbone: the η and θ pseudotorsions (14, 18, 19) and the consensus backbone conformers (15) . The pseudotorsional system simplifies the RNA backbone to a reduced representation where each nucleotide is described by two virtual dihedral angles: η ðC4 0 i−1 − P i − C4 0 i − P iþ1 Þ and θ ðP i − C4 0 i − P iþ1 − C4 0 iþ1 Þ. RNA can then be represented in two dimensions using an η-θ plot, which is similar to a Ramachandran plot for protein structure. The η-θ plot then allows for rapid and accurate categorization of the RNA backbone (14, 16) .
Unlike the pseudotorsional system, the consensus backbone conformers are based on the standard backbone torsions and they comprise 46 discrete configurations for the RNA backbone (15) . These conformers are comparable to the side-chain rotamer libraries frequently used in protein structure building (20) . The RNA conformers divide the backbone into suites, which span two sugars and the intervening phosphate, as opposed to the more traditional nucleotide division of the backbone, which spans two phosphates and the intervening sugar ( Fig. 2A ). Each suite conformer is then represented as a favorable combination of seven torsional angles: δ, ε, ζ, α, β, γ, and δ. Two δ torsions are present as the suite spans two sugars, and these δ torsions determine the pucker of their respective sugar: δ values near 84°correspond to a C3′ endo sugar pucker, whereas δ values near 147°corre-spond to a C2′ endo sugar pucker (6) . Note that two adjacent suites overlap by one sugar ( Fig. 2A) and thus the ending sugar pucker of one suite must be the same as the leading sugar pucker of the following suite. Each specific conformer is given a twocharacter name, such as 1a for helical RNA, where the first character represents the initial δ, ε, and ζ torsions and the second character represents the α, β, γ, and δ torsions (15) .
In this work, we present a modified pseudotorsional system that is specifically adapted toward structure building rather than structural analysis. Using these modified pseudotorsions, we then present a methodology for predicting backbone conformers using only the phosphate and base coordinates. We demonstrate that this results in highly accurate conformer predictions, even when starting from low-or intermediate-resolution data. We then show that, by using these predictions, accurate backbone structure can be built, and we demonstrate the accuracy of this method by automatically rebuilding the backbone of two previously published high-resolution crystal structures. The rebuilt backbone closely matches the published structures and, in several cases, shows a better match to the original electron density than does the published structure.
Results
The process of RNA model building is divided into three steps: an initial backbone trace, conformer prediction, and coordinate calculation. The initial backbone trace requires the crystallographer to place phosphates and bases into electron density. The conformer prediction step then determines backbone structure by selecting an appropriate conformer from the consensus backbone conformer library (15) . Three measurements, all derived from the phosphate and glycosidic bond locations, are used for this prediction: the pseudotorsions, the perpendicular distance from the phosphate to the glycosidic bond, and interatomic distances. The coordinate calculation step then computes atomic coordinates that match both the predicted conformer and the previously determined phosphate and glycosidic bond coordinates. It should be noted that the initial backbone trace is the only step that involves the electron density map, as conformer prediction and coordinate calculation are accomplished using only glycosidic bond and phosphate locations. Below, the conformer prediction and coordinate calculation steps are further explored. C1′-Based Pseudotorsions. As previously mentioned, the phosphates and bases are the only nucleic acid structural elements easily visible at resolutions typical of RNA crystallography. Thus, the η and θ pseudotorsions (16) , which simplify the backbone to two virtual bonds, represent an appropriate level of detail for interpreting these electron density maps. However, these pseudotorsions rely on the C4′ atom which is difficult to locate in such maps, as the density corresponding to the sugar is frequently imprecise and hard to interpret (Fig. 1) . Therefore, for conformer prediction purposes, we calculate pseudotorsions using the C1′ atom in place of the C4′. The location of the C1′ can be directly and uniquely determined from the base coordinates, as it is in the plane of the base and covalently attached to the N9 atom (in purines) or the N1 atom (in pyrimidines). We refer to these C1′-based pseudotorsions as η 0 ðC1 0
Because the consensus backbone library divides RNA structure into suites instead of nucleotides ( Fig. 2A) , we also interpret the C1′-based pseudotorsions using the suite division. This results in a ðθ 0 ; η 0 Þ pseudotorsion pair for each suite. By plotting these values in two dimensions, a θ 0 -η 0 plot can be constructed, which is analogous to the η-θ plot used to interpret nucleotides of the C4′-based pseudotorsions (14) . A θ 0 -η 0 plot was constructed using the RNA05 filtered dataset (15) , which showed that each backbone conformer occupied a limited region of θ 0 -η 0 space, but that numerous conformers occupied similar, overlapping regions. To reduce the number of overlapping conformers, the dataset was divided by sugar pucker (based on whether each conformer began and ended with a C2′ or a C3′ endo pucker) and four separate plots were constructed, shown in Fig. 3 and Fig. S1 . This division of the dataset is comparable to that done in studies of the C4′-based pseudotorsions, where accurate clustering in η-θ space also required dividing the dataset using sugar pucker (14, 16) . In order to quantify the regions of θ 0 -η 0 space occupied by each conformer, 2D Gaussian functions (shown as ellipses in Fig. 3 and Fig. S1 ) were used to define the center and SD of each conformer. The average SD of these Gaussians was 20.2°. The tightness of these clusters demonstrates the high correlation between the θ 0 -η 0 pseudotorsions and the backbone conformers.
Base-Phosphate Perpendicular Distance. At higher resolutions, it is possible to determine the appropriate pucker for a given ribose sugar by examining the density corresponding to the O2′ atom; however, at all but the highest resolutions, this requires accurately phased data and careful manual inspection of the electron density map. Additionally, electron density at low and intermediate resolutions frequently lacks the detail required for such manual inspections. As such, in order to reliably determine pucker at these resolutions, one must use the base-phosphate perpendicular distance, as developed by the Richardson lab (10, 21) . This distance measures from the 3′ phosphate (i.e., the phosphate of the next nucleotide) to a line containing the glycosidic bond (Fig. 4A ). Longer distances correspond to a C3′ endo sugar pucker, whereas shorter distances correspond to a C2′-endo pucker (Fig. 4B ). This measurement is easy to automate, as it does not require any manual inspection of the electron density, and it is highly accurate: In the RNA05 filtered dataset (15), 99.7% of C3′-endo pucker nucleotides have base-phosphate perpendicular distances >2.9 Å, and all C2′-endo pucker nucleotides have distances <2.9 Å.
Interatomic Distances. Three additional measurements per suite are used for conformer prediction: the intrasuite C1′-C1′ distance, and two intersuite phosphate-phosphate distances, one measuring from the phosphate of the previous suite to the current phosphate, and one measuring from the current phosphate to that of the next suite.
Conformer Prediction. By combining the C1′-based pseudotorsions, the base-phosphate perpendicular distance, and the C1′-C1′ and phosphate-phosphate interatomic distances, backbone conformer predictions can be made (SI Materials and Methods). For each suite, this technique calculates a score for each conformer and then ranks the conformers from most to least likely. The accuracy of this technique was assessed using jackknife validation. This showed that the first (most likely) conformer was correct 80% of the time for nonhelical suites and 84% of the time for helical suites, and that one of the first three conformers was correct 97% of the time for nonhelical suites and 98% of the time for helical suites (Fig. 5A ). (Herein, "helical" is used to refer to suites of the 1a conformer, regardless of their molecular context.)
To further evaluate the accuracy of these predictions, a receiver operating characteristic (ROC) graph was generated. A ROC graph is a plot of true positive rate against false positive rate and is used to depict the tradeoff between sensitivity and specificity (22) . As shown in Fig. 5B , this predictor is both highly specific and highly sensitive. At a 5% false positive rate, the true positive rate was 94.7% for nonhelical predictions and 96.2% for helical predictions. From these ROC plots, we can also calculate the area under the curve (AUC), which gives an overall measure of the quality of the predictor (22) . A perfect predictor will have an AUC of 1, whereas a predictor that does no better than random guessing will have an AUC of 0.5. For both helical and nonhelical predictions, the AUC was 0.99, further demonstrating the quality of these predictions.
Coordinate Calculation. After conformer prediction, atomic coordinates must be calculated that match both the predicted conformer and the previously determined phosphate and glycosidic bond locations. This task is not at all straightforward, as the conformer library gives approximate, not exact, values for all backbone torsions (15) . Protein side-chain rotamer libraries similarly give approximate values for all χ angles; however, side chains built using modal values for all torsions result in sufficiently accurate structures to start refinement (20) . This use of modal torsion values is possible for proteins because the side chain is constrained on only one end (i.e., the C α -C β bond) and adjacent side-chain structures are independent. In RNA, however, it is the main chain being constructed. The RNA main chain is constrained on both ends (i.e., the leading and ending sugars of a suite are covalently bound to the preceding C5′ and following O3′, respectively) and atoms in one suite have an effect on torsions in the adjacent suites. As a result, an RNA structure built using modal torsion values will be highly inaccurate and cannot be used as a starting point for refinement. Instead, adjustments in suite torsion angles must be done during the building process.
A procedure has therefore been developed to calculate coordinates for each nucleotide. This procedure minimizes the atomic coordinates against mean torsion values as well as ideal bond length and angle values (see SI Materials and Methods). To test the accuracy of this process, all nucleotides in the RNA05 filtered dataset (15) were rebuilt starting from their phosphate and base coordinates. (Note that for this test of the coordinate calculation process, conformer prediction was not done. Instead, the RNA05 assigned conformer was used.) The accuracy of these rebuilt structures was determined using the Suitename program (15) . This program, developed by the Richardson lab, identifies suites of RNA as a specific conformer given backbone standard torsion values. Suitename categorized 97.6% of rebuilt suites as the appropriate conformer, indicating that they were rebuilt correctly. Many of the suites that were not identified as the intended conformer were helical or helical-like. ("Helical-like" refers to conformers that form satellite clusters or shoulders of the 1a peak in standard torsion space.) There are a number of helical-like conformers, and frequently only minor differences exist between these conformers and other helical or helical-like conformers (15) . For example, the differences between a 1a (helical) suite and a 1L or &a (both helical-like) suite can be imperceptible, as shown in Fig. 6C . As such, the inaccuracies in many of the incorrectly built suites are very minor.
Phosphate and Base Accuracy. The above conformer predictions and coordinate calculation tests were carried out using published coordinates for the phosphates and glycosidic bonds. However, when initially building low-and intermediate-resolution structures, the phosphates and bases must be manually placed into an experimentally phased electron density map. Although phosphate atoms can usually be reliably built due to their high electron density, density around the sugars and bases may require more 0a  0i  #a  2a  2h  4a  4d  4g  4n  6d  6g  6j  6n  8d Fig . 3 . A θ 0 -η 0 plot showing suites of the RNA05 filtered dataset. Each color and shape combination corresponds to a specific conformer as indicated in the key. Ellipses correspond to the Gaussian functions (at the 1σ level) used in conformer predictions. Only conformers with leading C2′ endo sugar pucker and ending C3′ endo sugar pucker are shown. Other pucker combinations are shown in Fig. S1 . Fig. 4 . Sugar pucker prediction using the base-phosphate perpendicular distance (10, 21) . (A) The base-phosphate perpendicular distance, shown with yellow dashes, measures the distance from the 3′ phosphate to a line containing the glycosidic bond. (B) A histogram of base-phosphate perpendicular distances divided by sugar pucker. As shown, distances greater than 2.9 Å strongly correlate to C3′ endo sugar pucker, whereas distances less than 2.9 Å strongly correlate to C2′ endo pucker. The solid lines show probability densities calculated using kernel smoothing (see SI Materials and Methods). Fig. 5C shows prediction accuracy after each of these structure randomizations. These results show that conformer predictions were still accurate even with inaccuracies in these atomic coordinates. The predictions were most sensitive to the phosphate location, but were relatively insensitive to changes in the base location, and were almost entirely unaffected by changes in the base rotation.
Test Cases. To test the effectiveness of the conformer prediction and coordinate calculation procedures, two previously published crystal structures were rebuilt: the sarcin/ricin domain (23) [Protein Data Bank (PDB ID): 1Q9A] and the guanine riboswitch (24) (PDB ID: 2EES). High-resolution structures were used to ensure the accuracy of the published coordinates: The sarcin/ricin domain was solved at 1.04 Å and the guanine riboswitch was solved at 1.75 Å. These structures were rebuilt using only the published phosphate and glycosidic bond locations, and the rebuilt structures were then compared to the original coordinates (see Figs. 6 and 7, and Fig. S2 ). Before the test cases were run, conformers were assigned to the published structures using the Suitename program, and any suites not categorized by Suitename were visually inspected and assigned conformers where possible. For the sarcin/ricin structure, 25 of the 26 suites were assigned conformers using Suitename, and the remaining suite was assigned visually. For the guanine riboswitch structure, 57 of the 66 suites were assigned conformers using Suitename, and five of the remaining nine suites were assigned visually, resulting in 62 total suites with a conformer assignment.
Sarcin/Ricin Test Case. As the first step of the test case, conformer prediction was run using the published phosphate and glycosidic bond coordinates. Twenty-two of the 26 suites were predicted as the appropriate conformers using only the first (most likely) conformer prediction. Three of the remaining four suites consisted of helical or helical-like RNA, and the correct conformers were predicted as the second, third, and fourth predictions for these three suites. The first prediction in all three cases was an alternative helical-like conformer, which caused only minor changes in the structure of the rebuilt suite (see above). The remaining suite where the correct conformer was not the first prediction was the 5′-most suite. The prediction inaccuracy here was due to the lack of a 5′ phosphate on the leading nucleotide of the structure. This atom is required to calculate θ 0 and the leading phosphate-phosphate distance for the first suite. As such, the conformer prediction was made without this information, leading to the decreased prediction accuracy.
After conformer prediction was complete, coordinate calculation was run. This process was successful for 25 of the 26 suites, as all 25 were recognized by Suitename as their predicted conformer. The remaining suite consisted of a 1a (helical) suite that had been mispredicted as an &a suite (one of the helical-like confomers). After coordinate calculation, Suitename categorized the rebuilt &a suite as a 1a conformer, further demonstrating the similarity between these helical and helical-like conformers.
Guanine Riboswitch Test Case. As with the previous test case, conformer prediction was run using the published phosphate and glycosidic bond coordinates, and 54 of the 62 suites were predicted as the appropriate conformers using only the first conformer prediction. All eight of the remaining suites consisted of helical or helical-like RNA, and the appropriate conformers were predicted as either the second or third prediction in seven of these eight suites. The only suite where the appropriate conformer was not predicted within the first three predictions was the 3′-most suite of the structure. This prediction inaccuracy was due to the lack of a 3′ phosphate on the final nucleotide, because this atom is required to calculate η 0 , the ending phosphate-phosphate distance, and the ending base-phosphate perpendicular distance for the final suite.
After conformer prediction was complete, coordinate calculation was run. This process was successful for 62 of the 66 suites, because all 62 were recognized by Suitename as their predicted conformer. Three of the four remaining suites were 1a suites that had been mispredicted as &a and then built as 1a, as occurred in the sarcin/ricin test case above. The only other suite that was not successfully built was the 5′-most suite. This is likely the result of a conformer prediction error caused by the lack of 5′ phosphate, because incorrectly predicted suites can lead to coordinate calculation errors if the backbone structure can not be accommodated using the torsions of the predicted conformer. The prediction accuracy of this suite could not be assessed above because the published coordinates could not be assigned to a conformer. Additionally, excluding the four suites of the published structure that could not be assigned to conformers, all atoms in the guanine For the red, blue, and green lines, the base angle, base position, or phosphate position were randomized within a specified radius before conformer predictions were made. For the yellow line, all three were randomized simultaneously before conformer predictions were made. SE is <0.8% on all points.
riboswitch structure were built within 0.9 Å of their published locations, except for seven nonbridging phosphoryl oxygens which were built within 1.6 Å. Except for the 5′-most suite, all errors within the rebuilt structure would easily be corrected during refinement. As a final examination of the guanine riboswitch structure, the four suites of the original structure that could not be assigned to conformers were closely examined. For each of these suites, a 2F O -F C omit map was calculated. Visual examination of these maps showed that the rebuilt structures of suites 51 and 64 showed a considerably stronger match to the electron density than did the original published structure (Fig. 7) . To ensure that these rebuilt suites were stable during crystallographic refinement, minimization was carried out using CNS 1.1 (25) , the same program used by Gilbert et al. (24) . After minimization, no significant backbone movement occurred in either suite, showing that the rebuilt backbone configurations were stable.
Discussion
Here, we have presented a methodology for accurately building the RNA backbone into an electron density map. Using this methodology, backbone structure was generated in two fully automated steps: conformer prediction, where the appropriate conformers were selected from the consensus backbone conformer library (15) , and coordinate calculation, where atomic coordinates were computed to fit the predicted conformers. Both of these steps were shown to be highly accurate. Jackknife validation of the conformer predictions showed that one of the first three predictions was correct 98% (for helical suites) and 97% (for nonhelical suites) of the time, and that the first prediction was correct 84% (helical) and 80% (nonhelical) of the time (see Fig. 5A ). Furthermore, the area under the ROC curve (Fig. 5B ) was 0.99 for both helical and nonhelical predictions, demonstrating that the predictions were both highly specific and highly sensitive. The coordinate calculation step was similarly accurate, with 97.6% of rebuilt suites being recognized by the Suitename program (15) as the intended conformer.
This methodology can easily be incorporated into the crystallographic model building process: A crystallographer must initially trace phosphates and bases into the electron density map. Using this information, conformer prediction can be carried out and the structure can be automatically built using the most likely sequence of conformers. The crystallographer may then look through the structure and select alternate conformers for any suites which do not appear to fit the density or for which the molecular context of the suite provides clues to the appropriate conformer. [For example, many motifs show a clear conformer preference (15) .] These alternate conformers can be selected from the second and third conformer predictions and would only be necessary in a small percentage of suites. The end result of this procedure would be an accurate, fully detailed atomic structure which could then be refined against the electron density.
Test Cases. As a test of this building methodology, the sarcin/ricin domain (23) and guanine riboswitch (24) structures were automatically rebuilt starting from the published phosphate and glycosidic bond coordinates, and these rebuilt structures were then compared to the original models. This rebuilding resulted in highly accurate backbone structure (Fig. 6 and Fig. S2 ). Between the two molecules, 76 of the 88 suites with assigned conformers were correctly predicted and built using only the first conformer prediction. For 10 of the remaining 12 suites, the correct conformer was predicted as the second or third prediction. Further- more, 11 of these 12 suites were helical or helical-like and were built as an alternate helical or helical-like conformer, which frequently produced an imperceptible change in the suite structure (Fig. 6C) . Additionally, for two suites of the guanine riboswitch, the rebuilt structure showed a noticeably better match to the electron density than did the original coordinates (Fig. 7) . This is particularly notable because the rebuilt structure was not refined or minimized against the electron density during the building process and was based exclusively on the base and glycosidic bond coordinates. These examples demonstrate that this methodology can provide valuable assistance for structure building even at high resolution. These two suites also clearly emphasize the need for improved tools for building and refining RNA structure, because the overall quality of this structure is excellent, with 1.75-Å resolution and an R free value of 0.241. This need for improved building tools is further supported by a previous examination (21) , which used MolProbity (10), RNABC (17), and manual examination to find and fix several structural issues in a related guanine riboswitch structure (1) . In cases where the same problem existed in both guanine riboswitch structures, such as suite 64, the results presented here match the corrections described in this earlier study.
Map Quality. Because this building procedure requires only phosphate and glycosidic bond coordinates, it will greatly aid structure building for low-and intermediate-resolution structures. Because locating bases (which are used to determine the glycosidic bond coordinates) and phosphates can be imprecise at lower resolution, we wished to examine how this imprecision affected conformer prediction (Fig. 5C ). Predictions were most sensitive to inaccuracy in the phosphate coordinates. However, it is typically possible to accurately locate phosphate atoms in maps as low as 4-Å resolution (Fig. 1) , as their high electron density leads to distinct peaks in the electron density map. Assuming an inaccuracy of up to 1 Å for phosphate coordinates at these resolutions, conformer prediction accuracy would be decreased by only 5.9%. In low-resolution maps, the bases are considerably more difficult to locate with this level of precision; however, the conformer predictions are far less sensitive to inaccuracy in the base coordinates, as inaccuracies of up to 2 Å lead to only a 12.9% decrease in prediction accuracy, and inaccuracies of up to 3 Å lead to only a 22.3% decrease. Additionally, imprecision in the base orientation has almost no impact on conformer predictions, as bases were rotated by up to 45°within the base plane with only an 8.3% decrease in prediction accuracy. Furthermore, rotations about χ have no impact on conformer predictions, as only the location of the glycosidic bond, not the base plane itself, has a direct role in the prediction process.
Given these results, this technique can accurately be applied to low-and intermediate-resolution data. It is important to note that the quality of electron density can vary dramatically even in maps of similar resolution due to factors such as crystal mosaicity and the quality of experimental phases. However, this methodology should make it possible to accurately build backbone structure into most maps of up to 4-Å resolution. Even in maps of 4-to 6-Å resolution, this technique should assist in constructing the backbone, although as expected at this resolution, the accuracy will be noticeably decreased.
Conclusions. The methodology presented here provides an automated and accurate technique for building the RNA backbone and promises to change the way RNA structure is built. It greatly simplifies the building process at all resolutions, and allows the backbone to be accurately constructed even at low and intermediate resolutions.
Materials and Methods
Further descriptions of the algorithms used are given in SI Materials and Methods. All prediction and building procedures were implemented in Perl, and the program and source code are available at http://www.pylelab.org/ software. The program takes input of a PDB file containing phosphate and base coordinates and outputs predicted conformers and a PDB file containing the built structure. Work on a Coot plugin that implements this methodology is currently underway. This plugin will assist the crystallographer in placing the base and phosphate atoms, and will then predict and build the appropriate conformers. The plugin will also allow the crystallographer to select alternate conformers for any built suite, and will incorporate the "wannabe" rotamers described in ref. 15 .
